We developed a new method for synthesizing an organicsoluble insulated molecular wire (IMW) using permethylated cyclodextrin (PMCD). The IMW obtained using this method is highly soluble in a variety of organic solvents and has a 10 high covering ratio, regioregularity, rigidity, photoluminescence efficiency, and interchain hole mobility.
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Insulated molecular wires (IMWs) have generated considerable interest because their conjugated polymer units are insulated by a protective sheath that limits the -interaction, thereby 15 increasing the interchain charge mobility, fluorescence, solubility, and chemical stability of these polymers compared to those of the corresponding uninsulated -conjugated polymers. 1 Moreover, IMWs have attracted considerable attention owing to their potential applicability as wiring materials for next-generation 20 monomolecular electronic devices. 2 Additionally, methods for threading -conjugated polymers through cyclodextrins (CDs) have been researched extensively to enable the synthesis of CDbased IMWs and to investigate their commercial availability and efficacy of inclusion through hydrophilic-hydrophobic 25 interactions between CD and organic molecules. [3] [4] [5] [6] These IMWs are soluble in water but generally insoluble in organic solvents 7 because the conjugated chains are insulated with hydrophilic CDs. In addition, partially uninsulated sites and a considerable amount of residual water molecules exist, which reduce the potential of 30 IMWs as electronic materials. To overcome these obstacles, we developed a new method for synthesizing an organic soluble IMW by Glaser polymerization of lipophilic permethylated -cyclodextrin (PMCD)-based rotaxane as a monomer. 8 The IMW formed using this method has diyne bonds, which reduce the 35 charge mobility in the -conjugated polymer chain by the reduction of the effective conjugation length. Furthermore, to extend the effective conjugation length of the IMW backbone, we developed a method for synthesizing a diyne-bond-free IMW containing polyphenylene-ethynylene (PPE) as the polymer 40 backbone via the Sonogashira co-polymerization of pdiiodobenzene with pseudo-linked [3] rotaxane containing alkynyl groups at both ends. 9 In the present study, we applied these methods to synthesize a head-to-tail-type PMCD-based IMW (head-tail direction of the upper rim of adjacent CDs) via 45 Sonogashira polymerization of a pseudo-linked [2] rotaxane containing iodo and alkynyl groups at both ends, as a monomer. Our aim was to add regioregularity, increase the covering ratio of PMCDs against -conjugated polymer chains, and introduce a PPE unit as the main chain unit of the IMW (Scheme 1).
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Scheme 1
Synthetic route to head-to-tail-type cyclodextrin-based insulated molecular wire.
-Conjugated guest-linked PMCD 5 was synthesized from O-monotosyl PMCD 1 10 in 36% overall yield via five steps, as shown in Scheme 2. The reaction of 1 with 2-iodo-5-nitrophenol resulted in an iodobenzene-linked PMCD 2. Sonogashira coupling of 2 with (4-ethynylphenylethynyl)trimethylsilane followed by the reduction of the nitro group gave an 60 ethynylphenylethynyl-linked PMCD 4 via two steps. 4 was then treated with NaNO 2 and KI, followed by the deprotection of the trimethylsilyl group to give 5.
Scheme 2
Synthesis of -conjugated guest-linked permethylated - 
The intramolecular self-inclusion phenomenon of -conjugated guest-linked PMCD 5 has been confirmed by the space-filling model and examined by 1 H NMR using different solvents and concentrations. 11 As shown in Figure 1 , NMR spectral analysis of 5 in CDCl 3 at room temperature revealed that the -conjugated Next, we conducted the polymerization of 6 as a monomer under Sonogashira coupling conditions in H 2 O:CH 3 OH = 1:3. GPC analysis revealed that monomer 6 mostly disappeared after 40 24 h and the formation of IMW 7 was confirmed (Fig. S2) . The MALDI-TOF mass spectrum of 7 provided additional evidence for the structural authenticity of this compound (Fig. S3) . As expected, all of the observed peaks in the mass spectrum corresponded to singly charged molecular ions containing more 45 than seven repeating units. Studies conducted using space-filling models revealed that the covering ratio of PMCDs in the -conjugated backbone of 7 was approximately 82% (Fig. S4) . The IMW 7 obtained as described above was soluble in organic solvents such as ethyl acetate (22 mg/mL), chloroform (38 50 mg/mL), toluene (3 mg/mL), and dimethylformamide (48 mg/mL), because the -conjugated chain of IMW 7 was coated with highly organic-soluble PMCDs. The uninsulated polymer 8 was synthesized as a reference by polymerization of 5 in a lipophilic solution (i-Pr 2 NH) under polymerization conditions 55 similar to those used for the synthesis of 7. The chemical shifts between monomers and the corresponding polymers in the 1 H NMR spectra were well correlated. The peaks in the 1 H NMR spectra of 5 and 6 were broader than those in the 1 H NMR spectra of the corresponding polymers 8 and 7; this indicated that the 60 inclusion or exclusion complex structure was maintained during each polymerization reaction (Fig. S5) Table 1 . Elongation of the -conjugated backbone from monomer 5 to polymer 8 resulted in a red shift by about 40 nm. According to the spectra obtained from 7 and 8, slight blue shifts occurred in the absorption and the emission spectra of 7. These shifts suggest that the effective 75 conjugation length of the PPE unit was shortened by insulation of the PMCDs. As expected, considerable enhancement of the fluorescence in the solid state was observed in 7 compared to the corresponding uninsulated polymer 8. These findings indicate that the insulation of -conjugated units by PMCDs limits the - 80 interaction and enhances the fluorescence properties of the PPE units. To evaluate the covering effect of PMCD, we calculated the persistence lengths (q) of insulated polymer 7 and uninsulated polymer 8 using the model of an unperturbed worm-like 90 cylinder. 13 The calculated q values of 7 and 8 were 3.41 nm and 1.79 nm, respectively, indicating that the rigidity of the PPE chain in 7 can be largely attributed to the intramolecular inclusion of the polymer main chain into the PMCD cavity (Fig. S6) .
We next examined the potential for charge mobility of the performing time-resolved microwave conductivity (TRMC) and transient absorption spectroscopy (TAS) measurements.
14 Complete contactless measurement of the intra-molecular mobility was performed by combining the electrodeless transient conductivity measurement by TRMC ( Fig. 2a and 2b ) with the 5 clear transient optical absorption spectrum of the radical cations of 7 (Fig. 2c and 2d) . The identical kinetic traces observed for the conductivity and absorption transients in Fig. 2a and 2d strongly suggest that the major charge carriers are positive holes. According to the time course of these measurements, with a 10 molar extinction coefficient + = 3.5 × 10 5 cm -1 mol -1 dm 3 for the radical cation of 7, the minimum value of the anisotropic hole mobility in the PPE backbone of this IMW was estimated to be 0.7 cm 2 /Vs. This value was fairly high, higher than that of the uninsulated polymer 8 (0.2 cm 2 /Vs), and comparable to that in 15 polythiophene-based IMW. 15 It should be noted that the hole mobility in the PPE backbone of this insulated molecular wire showed a low decay rate constant, which was likely due to the extremely long lifetime of the holes on the  conjugated core; on the other hand, rapid charge recombination was observed in the 20 case of the uninsulated polymer 8. These results suggest that PMCD protects the holes in the -conjugated core from the charge recombination process. 
